Abstract: The present article reviews recent progress in the measurement of aggregation rates in colloidal suspensions by light scattering. Time-resolved light scattering offers the possibility to measure absolute aggregation rate constants for homoaggregation as well as heteroaggregation processes. We further discuss the typical concentration dependencies of the aggregation rate constants on additives. Addition of simple salts containing monovalent counterions leads to screening of the electrostatic repulsion of the charged particles and a transition from slow to rapid aggregation. Addition of salts containing multivalent counterions may lead to a charge reversal, which results in a sequence of two instability regions. Heteroaggregation rates between oppositely charged particles decrease with increasing salt level. This decrease is caused by screening of the electrostatic attraction between these particles.
Introduction
Aggregation in colloidal particle suspensions is a relevant process in a wide range of systems and phenomena. [1] [2] [3] [4] [5] [6] In papermaking or wastewater treatment, rapid aggregation of particles must be induced to obtain the desired product or appropriate degree of water purification. Stable suspensions are needed to obtain sufficient shelf-life of consumer products or to maintain easily flowing particle slurries.
Particle aggregation can be controlled by addition of appropriate chemicals. Depending on the envisioned application, they are referred to as coagulants, flocculants, or stabilizers. [2, 4, 6] When aggregation is induced in an initially stable particle suspension, one obtains particle dimers first (Fig. 1) . [4, [7] [8] [9] Thereby, one refers to the early stages of the aggregation process. Since the aggregation process is irreversible, larger clusters will form as time proceeds, and one refers to late stages. Clusters in the late stages have irregular, fractal structures. [10, 11] At lower particle concentrations, they will eventually be influenced by gravitational forces, and sediment or cream. When the particle concentration is sufficiently high, the clusters will fill the available space, interlink, and form a colloidal gel. [12, 13] When aggregation occurs between identical (or similar) particles, one may refer to homoaggregation. [4, [9] [10] [11] When one deals with a mixture of dissimilar particles, this fact is stressed by referring to heteroaggregation. [14] [15] [16] [17] Large irregular clusters may form, but they are typically more ramified than the ones obtained in homoaggregation. More recently, small heteroaggregates of colloidal particles have been synthesized and these are referred to as colloidal molecules. [18] [19] [20] Such entities introduce directionality into the interactions between such particles and might eventually lead to novel functional materials.
Particle aggregation can be probed by various techniques, in particular, turbidity measurements, single particle counting, and light scattering. Widely used are turbidity measurements with a spectrophotometer. [8, 21] However, the results obtained with this technique cannot be always easily interpreted. When the particle size is small, an easily measurable signal requires a relatively high particle concentration, and in this situation early stages of the aggregation are difficult to probe. For larger particles, this technique can be used in a straightforward fashion, but the optical properties of the particles used must be known accurately. In single particle counting, the aggregating suspension is passed through a narrow capillary. [22, 23] Thereby, the passage of each individual cluster is recorded by means of a suitable detection scheme, such as electric conductivity or light scattering. The technique offers excellent resolution, but to which extent the clusters have been disturbed by the high shear fields in the capillary cannot be easily addressed.
Time-resolved light scattering is probably the most versatile technique, which can be used in the static as well as the dynamic mode. [7, 9, 15, [24] [25] [26] This technique operates entirely in situ, permits to access a wide range in particle sizes, typically from ten nanometers up to a micrometer. Moreover, the technique enables us to distinguish various types of aggregates formed. Recent progress in its utilization to probe early stages of the aggregation will be summarized here. Typical results how the aggregation rate coefficients are influenced by various salts will be equally discussed. and the corresponding kinetic law is given in Eqn. (6):
In the early stages of the aggregation of a binary particle mixture, one may have two homoaggregation processes and one heteroaggregation process occurring simultaneously. The relative rate of change of the scattering intensity has additive contributions from all three processes, namely: [17] (7) 
Tuning Particle Aggregation by Additives
In their seminal work, Derjaguin, Landau, Ve rwey, and Overbeek (DLVO) recognized that particle aggregation rate is
Aggregation Kinetics by Light Scattering
Colloidal particles aggregate irreversibly to larger clusters, whereby the elementary step is: [4] (1)
The early stages of the aggregation, when monomers and dimers dominate, can be described by the kinetic law:
where c A and c AA are the number concentrations of monomers and dimers, t the time, and k AA the aggregation rate coefficient. When only monomers and dimers dominate, one refers to the early stages of the aggregation.
The kinetics of colloidal aggregation can be conveniently followed by time-resolved light scattering (Fig. 2) . One may use static light scattering (SLS), dynamic light scattering (DLS), and sometimes it may be advantageous to combine both. SLS measures the average scattering intensity I, while DLS gives access to the hydrodynamic radius R though the diffusion coefficient, which is obtained from the dynamics of the fluctuations of the scattered light. The doublet formation rate coefficient can be measured with SLS from the initial relative rate of change of the scattering intensities by means of Eqn. (3): [7] (3)
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where c 0 is the initial particle number concentration, I 1 (q) and I 2 (q) are the scattering intensities of a monomer and a dimer, respectively. Thereby, q denotes the magnitude of the scattering vector, which can be adjusted through the scattering angle. A similar expression can be obtained in the case of DLS for the initial relative rate of change of the apparent hydrodynamic radius: [7] (4)
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where α denotes the hydrodynamic factor, which is the ratio of the diffusion coefficients of the dimer and the monomer. Since the scattering intensities can be estimated from the approximate theory of Rayleigh, Debye, Gans (RDG) of more accurate T-matrix approaches, [27] [28] [29] Eqns (3) and (4) can be used to measure the aggregation rate coefficients. This comparison is made in Fig. 3 When one deals with the same (or similar) colloidal particles, one refers to homoaggregation. When different particles are involved, one refers to heteroaggregation. In early stages, the elementary step in the heteroaggregation process is: [17] (5) ig. 2. Relative change in the scattering intensity and apparent hydrodynamic radius with time during particle aggregation normalized to the initial value. (a) Scattering intensity and (b) apparent hydrodynamic radius. For some scattering angles, the scattering intensity may also decrease as the aggregation proceeds. cient in the fast aggregation regime. Thus, a small stability ratio around unity refers to fast aggregation, while a larger value to slow aggregation.
Let us now discuss the typical dependencies of the stability ratio in some relevant situations. Fig. 5 illustrates the stability ratio for homoaggregation for negatively charged carboxylated latex particles with a diameter of 300 nm at pH 4.0 in the presence of linear aliphatic polyamines. Thereby, the number of amine groups is indicated. These polyamines are almost fully protonated, and thus represent a convenient model system to study the major effects of valence on colloidal aggregation.
The first characteristic situation occurs for counterions of low valence. At low salt concentrations, aggregation is very slow and the suspension is stable. Increasing the salt concentrations, the stability ratio decreases steeply, until the plateau at unity is reached. Increasing the salt level further, the rate coefficient remains independent of the concentration. The transition between the slow and fast aggregation regimes is referred to as the critical coagulation concentration (CCC). This transition is caused by the progressive screening of the elecdetermined by mutual diffusion of the two particles in their potential energy profile: [4] (9)
with two main contributions, namely the van der Waals energy V vdW and the energy due to the overlap of the electrical double layers V dl . These two contributions can nowadays be estimated with good accuracy. From the energy profile, the rate coefficient can be obtained from the known expression for diffusion controlled reactions, namely: [4, 9] (10) where r is the center-to-center separation, B(r) is the hydrodynamic resistance function, k B is the Boltzmann constant, T the absolute temperature, η the solvent viscosity, and a the particle radius. The above relation applies to homoaggregation of similar particles, while an analogous relation can be used to evaluate the rate coefficient for heteroaggregation. Therefore, the rate coefficients can be estimated from the solution composition and particle properties, such as their size and surface characteristics.
The DLVO theory predicts two distinct aggregation regimes. When the interaction potential is attractive, the aggregation is rapid since the approach of the particles process is mainly controlled by their mutual diffusion. In this case, one refers to the fast aggregation regime. When the interaction potential features an intermediate barrier, the aggregation is slow, since the particles must overcome this barrier by thermal activation. In this case, one refers to the slow aggregation regime. Instead of reporting rate coefficients, one often refers to the stability ratio defined as
where k fast is the aggregation rate coeffi- trostatic double layer interactions by the dissolved salt ions. [4, 25, 26] When the valence is increased, one observes that the CCC shifts towards lower concentrations. [25, 30, 31] This dependence is referred to as the Schulze-Hardy rule, which states that the CCC scales as the inverse six power of the valence. [4] The data shown in Fig. 5 obey this scaling rather well. However, another characteristic feature becomes apparent for higher valence, namely the restabilization at intermediate concentrations. This restabilization is related to the charge reversal of the particles that is induced by the adsorption of the ions of higher valence. This charge reversal can be demonstrated by electrophoresis (Fig.  5b) . Similar effects involving screening and charge reversal were also observed with positively charged particles and multivalent anions. [25, 30, 32] However, anions appear to induce a charge reversal more easily than cations. Reversal of charge represents a key mechanism in destabilization of colloidal suspensions, and can be important in amphoteric systems, surfactants, or polyelectrolytes. [33] [34] [35] [36] The DLVO theory is capable of predicting the observed trends relatively well (Fig. 5a ). The surface potentials were estimated from electrophoretic mobilities and a Hamaker constant of 4.5×10 -21 J was used. This value is somewhat smaller than the theoretical estimate of 9.0×10 -21 J for polystyrene, [37] probably due to roughness and retardation effects. The discrepancy for N1 is probably related to short range hydration forces, while the discrepancies near the restabilization maximum for N4 and N6 are thought to originate from surface charge heterogeneities. The experimentally observed fast aggregation rate constant is 3.1×10 Much less quantitative information is available on heteroaggregation. However, the case of two oppositely charged particles has been investigated in some detail in the presence of monovalent salt. [17] The corresponding data were measured with the multi-angle techniques described above and they are presented in Fig. 6 . One observes that the corresponding stability ratio increases with increasing electrolyte concentration, but the effect is much more modest than for homoaggregation. This increase originates from the screening of the mutual electrostatic attraction of the two oppositely charged particles. The overall trend can be again well described by DLVO theory. Thereby, the surface potentials of both particles have been estimated from electrophoresis.
Conclusion
Our capabilities to measure aggregation rates in colloidal suspensions by light scattering have recently evolved substantially. By measuring the angular dependence of the light scattering signal in a time-re- solved fashion, the absolute aggregation rates can be measured. In particular, the angular dependence permits simultaneously occurring homoaggregation as well as heteroaggregation to be distinguished. These techniques permit the study of aggregation rates in various systems. Homoaggregation of charged colloidal particles in the presence of ions of low valence is influenced by screening the electrostatic repulsion between the charged particles, and leads to a sharp transition between slow and fast aggregation. With increasing valence, this transition point shifts towards lower concentrations. However, a restabilization can be observed in the presence of multivalent ions when their valence is sufficiently high. This restabilization originates from a charge reversal induced by the adsorption of these ions. Heteroaggregation rates between oppositely charged particles decrease with increasing salt level, and this decrease can be explained by screening the electrostatic attraction between these particles. All these trends can be well rationalized by DLVO theory, even though this theory often predicts stronger dependencies than observed experimentally. With these experimental and theoretical tools, the stability of colloidal suspensions can be controlled in a much more detailed fashion than was possible so far.
